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Intra-and Extracellular
THE transmembrane potential (V m ) depends on the unequal distribution of ions across the membrane and on the membrane ionic permeabilities. The membrane of the sheep cardiac Purkinje cell appears to behave as a K + electrode when the extracellular K + activity (an) is higher than normal. However, at normal or lower a^, the V m progressively deviates from this simple behavior, eventually "switching" to a depolarized state of about -40 mV (Weidmann, 1956; Hoffman and Cranefield, 1960; Carmeliet, 1961) . Identification of deviations from K + electrode behavior requires measurement of intracellular ionic activities, so that direct determination of ionic electrochemical equilibrium potentials can be made. Miura et al. (1977) measured intracellular K + activity (ak) in beating canine Purkinje strands during changes in extracellular K + concentration ([K + ] o ) from 2 mM to 16 mM, and their findings suggested that the Purkinje strand was far from K + equilibrium under those conditions. Ellis (1977) and Deitmer and Ellis (1978) have measured intracellular Na + activity (aka) under a variety of conditions. No simultaneous measurements of ak and aka have been reported, so that it has been difficult to determine the importance to resting V m of relative membrane permeabilities. In addition, evidence has been offered to suggest that there may be accumulation or depletion of ai< in limited extracellular spaces in the resting state , and that electrogenic sodium pumping may contribute to the resting potential (Gadsby and Cranefield, 1979; Glitsch et al., 1978) .
These experiments were designed to study in greater detail the origin of V m in sheep cardiac Purkinje strands. Ion-selective microelectrodes were used to monitor ak and aka while changing afc systematically in the presence and absence of extracellular Na + .
Methods Free-running Purkinje strands, obtained from hearts of freshly slaughtered sheep, were used. Fibers approximately 5 mm in length were pinned to a Sylgard layer in a tissue chamber similar to that described by Fozzard and Lee (1976) . The strand was superfused with HEPES-buffered Tyrode's solution that had been warmed to 37°C and gassed with 100% oxygen. ", and 11.0 glucose. The solution was buffered with 5.0 mM HEPES adjusted with NaOH. Changes of K + were made by equimolar substitution for Na + . The Na + -free solutions were made by substitution of sucrose for Na + , sufficient to maintain the same osmolality as the Na + -containing solutions. The Na + -free solutions were buffered with 0.8 mM HEPES, adjusted with KOH, and changes in K + were made by substitution for sucrose. The osmolalities of the solutions were checked with an osmometer (Fiske, . All so-lutions used had a pH of 7.35-7.45 at 37°C.
Conventional 3 M KCl-filled glass microelectrodes that had rcc-i.stances of 10-30 MS2 and tip potentials less than -5 mV were used to measure V m . Similar microelectrodes were used for the construction of K + -selective liquid ion exchanger (Corning Medical, No. 477317) microelectrodes and Na + -selective liquid ion exchanger (similar to those used by Palmer and Civan (1977) , and Cohen and Fozzard (1979) ) microelectrodes with the method introduced by Walker (1971) . Before and after the experiments the electrodes were calibrated with pure solutions of KC1 and NaCl, and with mixtures of KC1 and NaCl. Pure KC1 and pure NaCl activity coefficients were calculated using the equations derived by Pitzer and Mayorga (1973) . For the mixed solutions, including Tyrode's solutions, the activity coefficients were calculated by Guggenheim-Scatchard-Robinson generalized equations (Harned and Robinson, 1968) . The Maclnnes convention (Maclnnes, 1961) was used for single ion activity coefficient calculation. The K + -selective microelectrodes used had tip resistances of approximately 10 10 £2 and selectivity for K + over Na + of between 80:1 and 30:1. The Na + -selective microelectrodes used had tip resistances of approximately 10 11 S2 and selectivity for Na + over K + of between 5:1 and 3:1.
Conventional microelectrodes were coupled to the input of a Picometric (model 181) electrometer. The ion-selective microelectrodes were coupled to a Keithley (model 604) differential electrometer. Signals were displayed simultaneously on Digitec (model 2770A) panel meters and recorded on two Gould (model 220) chart recorders.
The Purkinje strand was impaled with a conventional microelectrode immediately after it had been placed in the tissue chamber. The preparation was driven at a basic cycle length of 1 sec. Any strand showing abnormally short or long action potentials, or showing a tendency to depolarize to the plateau, was excluded from the study, since this might indicate damage to the tissue or an abnormal membrane conductance. After one hour of observation, 8-10 impalements were made with the conventional microelectrode and 5-7 impalements were made with the K + -and Na + -selective microelectrodes. Because of the small size (0 to -10 mV) of the signal upon impalement with K + -selective microelectrodes, the impalements were made during stimulation of the tissue to observe action potentials, and were considered valid only if the potential 2 minutes after discontinuation of stimulation was stable. The V m for each strand in normal Tyrode's solution was calculated by averaging the potentials obtained from conventional microelectrodes measurements. Similarly, the mean potential differences (AE) recorded by K + -and Na + -selective microelectrodes upon impalement of the strand were used to calculate each strand's ak and aiia in the normal Tyrode's solution. The equation for calculation is:
where a' and a° refer to intracellular and extracellular ionic activities, and the subscripts i and J refer to the principal and interfering ions, respectively. k u is the selectivity coefficient, and n = (Si/Sj), the ratio of calibration slope of principal ion solutions over the calibration slope of interfering ion solutions. The calculated values of an and aNa in the mixture solutions agreed closely with measurements made with electrodes in these solutions when the experimental values were calculated with this equation (Fozzard and Sheu, in press ). After the measurements in normal Tyrode's solution had been accomplished, the conventional and the ion-selective microelectrode impalements then were maintained while the inflow to the tissue chamber was switched to the other solutions. An interval of about 15 minutes was allowed for tissue equilibration with each solution. The following two equations were used for calculation of intracellular ionic activities in different solutions:
where N represents normal Tyrode's solution, X represents any other perfusing solution, AV m , AEK, and AENa are the potential changes recorded by the impaled conventional, K + -, and Na + -selective microelectrode, respectively, between solution X and solution N.
The reported values of V m required correction for the change of liquid junction potential of 3 M KCl-agar electrode in different solutions. Note that this change of junction potential had no effect on the estimation of intracellular ionic activities, since the apparent V m was used as electrical reference for the ion-selective microelectrodes. All the data are given as mean ± SE. The significance of differences between two means was checked by Student's ttest.
Results

a' K and aN a in Normal Tyrode's Solution
The procedure for simultaneous recording from conventional, K + -selective, and Na + -selective microelectrodes is illustrated in Figure 1 . The conventional microelectrode was introduced into the fiber first (trace A), followed by the K + -selective microelectrode (trace B), and then by the Na + -selective microelectrode (trace C). The arrows at bottom of each trace indicate the impalements. In this illustration the conventional electrode was temporarily displaced and was reimpaled several times. After all three electrode recordings were stable for at least 2 
FIGURE 1 Simultaneous voltage recordings from (A) conventional, (B) K* -selective, and (C) Na*-selective microelectrodes in a Purkinje strand superfused with normal Tyrode's solution. The preparation was paced continuously at 1 Hz except for the 2-minute period in the second half of the figure. The voltage signal of each electrode was measured at the end of this 2-minute period, and these values were used to determine intracellular K + and Na + activities. The arrows at bottom of each trace indicate the impalements. The arrows at the top of each trace indicate the withdrawal of electrodes. The configuration of action potentials recorded by ion-selective microelectrodes was distorted because of the slow response of the microelectrodes.
minutes, stimulation was halted and measurements were taken from the voltmeters approximately 2 minutes later. Finally, the stimulation was reinitiated and the electrodes were withdrawn, as indicated by the arrows on the top of each trace.
The results for ak obtained from 20 strands in normal Tyrode's solution are illustrated in Figure  2 , with the V m of each strand plotted against the logarithm of its a' K . The linear relationship had a correlation coefficient of -0.98, and a slope of -72.9 mV per 10-fold change in ak. The average V m for these 20 strands was -76.5 ± 1.3 mV and the average ak was 109.6 ± 4.0 HIM. The average V K , calculated from the Nernst equation, was -88.3 ± 1.0 mV. a' Na was measured in 14 strands. The results are plotted in Figure 3 , with the best fit line having a correlation coefficient of 0.69 and a slope of 24.8 mV per 10-fold change in aka. In these strands the average V m was -77.0 ± 1.5 mV, and the average aWa was 6.6 ± 0.6 imi. The sodium electrochemical equilibrium potential (VN S ) was calculated to be 78.4 ± 2.6 mV.
It is possible to use the Goldman-Hodgkin-Katz equation to estimate an average value for PN H :PK from V m , &K°, a°Na, a^, and aW This results in a PN S : PK of 1:50 in normal Tyrode's solution. For this calculation of PNB:PK, as well as others to be reported below, the values of af< and aU used were those calculated to be present in the supervising solutions. These activity calculations previously have been shown to agree with microelectrode measurements in these solutions (Fozzard and Sheu, in press ). The calculation of PNE:PK assumes that the activities of these ions in the extracellular space of the strands was the same as the bulk solution, and that no other ions contributed to the membrane potential. Both assumptions are subject to criticism, as will be discussed later.
Effects of Changing aft in Na + -containing Solutions
A typical experimental sequence of changing aRj in Na + -containing solutions is illustrated in Figure  4 , with the traces arranged as in Figure 1 . The solution was changed to one containing a different level of K + , as indicated on top of the figure. The measured values of V m , ak, and a' Na and the calculated values of V K , V Na , and PNH/PK, in nine strands are listed in Table 1 The average V m and V K at each a^ are plotted in Figure 5 . When the paired values for VK and log ai< were fitted by a straight line, the correlation coefficient was 1.00, with a slope of 60.1 mV. The relation between V m and log ai< was approximately linear from 100 mM [K + ] o to 5.4 mM and had a slope of 53.4 mV. At [K + ] o = 100 mM, V m appeared to be 2 mV more negative than V K (P < 0.05).
Calculation of V Na in each solution, using the appropriate afta, demonstrated that VN B was little changed. V Na changed from 75.9 mV at 5. 
Effects of Changing a& in Na + -free Solutions
In five experiments, the changes in a& were made in the absence of [Na + ] o . A typical experiment, which was performed in a manner similar to that in Figure 4 , is illustrated in Figure 6 . The measured values of V m , ak , and a^a are listed in 8.5 ± 0.9 8.1 ± 0.9 7.4 ± 0.9 6.9 ± 2.0 7.0 ± 1.0 6.6 ± 1.1 6.0 ± 1.0 4.4 ± 0.8 3. Values are expressed as mean ± SE. The number of strands is nine. At 2.7 mM [K + ] n , three strands were hyperpolarized and the other six strands were depolarized. VK and V N)1 were calculated from meanak andaki,, using the Nernst equation. PN.I:PK was estimated from the Goldman, Hodgkin, and Katz equation using measured value ofak and a' N ., and calculated values ofa' K anda*,,. V,,, has been corrected for the changes of junction potential at the reference electrode in different solutions. Note that [K],, was raised by replacement for [Na] .,, so that in each solution a different calculated value ofaN,, was used.
then gradually fell during the 2-3 hours of the experiment from 118.3 ± 3.9 mM to 108.7 ± 4.0 mM (P < 0.06) in 100 mM [K + ] o . This continuous decline of ak probably reflected time-dependent changes caused by the sucrose solutions after aNa removal, because for the Na + -free solutions containing a 5.4 mM [K + ] o perfused at different times, the &K values were different. Consequently, Table 2 is presented according to the sequence of [K + ] o changes, afsia fell rapidly in the Na + -free solutions to levels of about 2 mM and then no longer responded to external solution changes. For reasons to be discussed later, the small amount of apparently residual a^a was probably artifactual.
The relation between V m , V K , and loga K is shown in Figure 7 . The slope for VK was 61.7 mV with a correlation coefficient of 1.00. Between 5.4 and 100 
FIGURE 5
The mean (± SE) 
Effects of Removal of Ca 2+ and Cl" on V m
The difference between V m and V K in low [K + ] o and in the absence of Na + suggested that some other ion was providing inward current, biasing the membrane away from K + electrode behavior. However, there were few ions remaining in these solutions. In addition, a modest K + accumulation in the restricted extracellular space could account for part of the difference between V m and VK, since VK was calculated using the solution value of aft in the supervising solution. Accumulation might be expected since, in the absence of Na + , the Na pump is blocked. 5.1 ± 0.9 2.4 ± 0.7 2.0 ± 0.7 1.8 ± 0.7 1.6 + 0.7 1.7 ± 0.5 1.6 ± 0.6 1.6 pm 0.6 1.6 ± 0.6 1.3 ± 0.5 1.5 ± 0.5 1.7 ± 0.5 1.7 ± 0.5 5.3 + 0.7
Values are expressed as mean ± SE. The number of strands is five. 5.4 (N) represents the normal Tyrode's solution. VK was calculated from mean al< using the Nernst equation. V m has been corrected for the changes of junction potential at the reference electrode in different solutions. Note that ionic activity coefficients are changed in the sucrose-containing solutions because of their lower ionic strength. iment is illustrated in Figure 8 . Upon removal of Na + , the strands hyperpolarized as expected, reaching -116.4 ± 2.2 mV in 1 mM [K + ] o . Upon removal of Cl~ there was a small additional hyperpolarization. When Ca 2+ was then removed, the strand further hyperpolarized to -124.5 ± 2.2 mV. Return to Ca 2+ -containing solution rapidly reversed this effect. 
Discussion
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FIGURE 7
The mean (± SE) Lee and Fozzard (1979) reported ak in sheep strands exposed to 5 mM Tyrode's (N) to (1) VOL. 47, No. 5, NOVEMBER 1980 -75 ± 1 mV. In canine Purkinje strands Miura et al. (1977) found in 4 mM [K + ] o a higher value of ak = 130.0 ± 2.3 mM, but their fibers also had a higher V m = -84.4 ± 0.4 mV.
The dispersion of our ak measurements and the different mean values obtained by ourselves and others under various conditions suggested to us that there might be systemic differences in ak rather than simply experimental variation. To investigate this further, we plotted individual experimental pairs of log ak and V m measurements, as shown in Figure 2 . The surprisingly good correlation is consistent with the idea that there is a real difference in ak in the strands studied, and that this is reflected in a different V m . It also makes possible a comparison with ak measurements made under other conditions. For example, the best fit line for the data in Figure 2 predicts a value of 122.8 mM ak for the strands studied by Lee and Fozzard (1979) , which had an average V m of -80.5 mV. In the same way, the equation predicts a value of 138.8 mM for the fibers studied by Miura et al. (1977) , which had an average V m of -84.4 mV.
Walker and Ladle (1973) described a correlation between V m and ak in their studies of frog heart sinus venosus, atrium, and ventricle. They found the slope of the correlation in ventricular tissue to be 56.6 mV/decade, close to the Nernstian slope of 58.1 mV/decade at 20° C. However, in sinus venosus and atrium, the slope was approximately half the Nernstian value. In Purkinje fibers we found the slope for the relation to be 72.9 mV/decade, significantly greater than the Nernstian slope of 61.5 mV/ decade at 37°C. This slope difference caused the difference in estimated P Na :PK values, such that for the less negative V m the PN B :PK ratio was higher. This implies that fibers with less negative V m are farther away from their VK because of the permeability ratio. Alternative reasons for the large slope include a systematic change in electrogenic Na + pump current or in extracellular K + accumulation. An observation that supports the idea that the slope was due to permeability changes is that when the Na + was removed from normal Tyrode's solution, the fibers with less negative V m hyperpolarized more than the fibers with more negative V m . Removal of Na + would have blocked the Na-K pump, abolished any hyperpolarizing electrogenic pump current, and favored more, rather than less, accumulation.
The average aka in these experiments was quite close to the values obtained by Ellis (1977) and Lee et al. (1980) , using recessed-tip Na + -selective glass microelectrodes. The agreement between these studies supports the idea that the low a' Na values are not an artifact of the electrode, aka also varied somewhat with V m (Fig. 3) , so that the more depolarized fiber had higher a' N a, as well as lower ak. This reciprocal pattern suggests that the basis for variation in V m may have been due to the variation in the control of an electrically neutral Na-K exchange pump which, by establishing ak, determined V m and the PNB:PK ratio. It is difficult to identify an electrogenic component of the Na-K pump in this phenomenon, since the more hyperpolarized fibers had lower aka and, therefore, presumably a lower pumping rate. A similar reciprocal relationship of ak and aka has been seen in embryonic heart muscle during development (Fozzard and Sheu, in press ). The reciprocal relationship between ak and aka is also expected because of the need for osmotic balance. Note that the sums of aka and ak do not add to a constant value. We would not expect this to occur, since ionic and osmotic activity coefficients differ.
A PN 3 :PK equal to 1:50 in normal Tyrode's solution is quite different from the estimate for sheep Purkinje strands of 1:91 by Ellis (1977) , who used the value of ak reported by Miura et al. (1977) for his calculation. Frog ventricular muscle is reported to have P Na :Pi< in the range of 1:500-2500 (Walker and Ladle, 1973) , and rabbit ventricular muscle has a ratio of about 1:400 (Lee and Fozzard, 1975 ). It appears that in the resting state the Purkinje strand membrane is probably much more permeable to Na + and/or less permeable to K + than ventricular muscle membrane. Consistent with idea of a higher Na + permeability, Deitmer and Ellis (1980) have reported that TTX exposure results in a modest hyperpolarization of sheep Purkinje fibers and a fall in aka-A steady state TTX-sensitive Na + current was also shown by Attwell et al. (1979) , but not in this voltage range. TTX effect might not be equivalent to Na + removal since all of the inward Na + leak may not be sensitive to TTX.
Effect of Changing aft in Na + -containing Solutions
When a& was decreased below normal, there was a fall in ak and a rise in aka-Although the details of K + -activation of the Na-K exchange pump in cardiac muscle are not yet settled (Deitmer and Ellis, 1978; Glitsch et al., 1978; Gadsby and Cranefield, 1979) , it is likely that reduction of [K + ] o to less than 2.7 mM caused some pump inhibition.
The changes in ak seen when aft was increased above normal were apparent in the results of Lee and Fozzard (1975) , but the precision of their measurements was inadequate to be sure of the validity of the observation. These changes could be explained by the co-transport of KC1 across the membrane. The ak was increased by substitution for a?ia without change in aa. Therefore, the cell would be expected to try to reach a new Donnan equilibrium by entry of KC1 into the cell. Carmeliet and Janse (1965) (Trautwein and Dudel, 1958) , rabbit ventricular muscle (Lee and Fozzard, 1975) , and Balanus photoreceptors (Brown, 1976) . The crossover did not result from a displacement of the V m by a change in the junction potential at the agarbridge indifferent electrode, because this was already subtracted from the measurements. An additional junction potential may exist at the tip of the intracellular microelectrode, but it would tend to make the true V m value somewhat more negative (Hironaka and Morimoto, 1979) . This puzzling observation may indicate that the membrane is asymmetrical to ion transport, or that there is a Clb ackground current under these conditions, as discussed by Brown (1976) .
The measurements of V m and VK also point out some inevitable mistakes in conventional methods for studying the relationship between V m and V K , where a constant [K + ]i is assumed (e.g., 155 mM) and the Nernst equation is used to determine VK. First of all, the V K slope in this study is 60.1 mV/ decade rather than 61.5 mV/decade. This is because ak did not remain constant as a K was increased. Second, the value of aU, obtained from the extrapolation of V m curve to 0 mV would overestimate the true ak because of the crossover between V m and V K . In addition, any estimation of PN 8 :PK is influenced by the changes in intracellular ion activities.
It is difficult to be sure how seriously to accept the values of PN^PK, since the calculation assumed that there was no accumulation or depletion of extracellular ions, no electrogenic Na + pump current, and no other ionic contribution to the resting potential except Na + and K + . Local accumulation and depletion in the clefts of Purkinje strands has been well demonstrated under non-steady state conditions, but there is no convincing evidence that this exists for the resting strand . The pump probably can be electrogenic under conditions of Na + loading (e.g., Gadsby and Cranefield, 1979) , but its contribution to the resting potential in the quiescent state is not known. Certainly, neither accumulation-depletion nor electrogenic pump current is likely to have influenced the results when [K + ] o was 10 mM or greater. Other ions may contribute to the balance that results in the resting potential, and ionic movements are not likely to be independent. Nevertheless, the PN 3 :PK calculation has been a useful index, and allows comparison of these results with others.
Determination of V Na in each solution showed that this value remained approximately constant, in spite of large changes in &K°, afta, and a^a, except for very low [K + ] o . The complexity of regulation of aka has recently been discussed by Mullins (1979) . We must attribute the stability of V Na to some balance between passive Na + influx and the dependence of the Na + -K + pump or any other Na + regulatory system. We estimated that the PN S :PK ratio increased approximately 10 times when the fiber "switched" to the depolarized level of V m . This increase of P Na :Pi< could be expected partly as a result of inward-going rectification (McAllister and Noble, 1966; Dudel et al., 1967) . In addition, P Na may be increased, since TTX causes hyperpolarization under these conditions (Gadsby and Cranefield, 1977; Lee and Fozzard, 1979 (Carmeliet et al., 1976) and in crab nerve (Keynes and Lewis, 1951) .
Effects of Na + -free Solutions
When Na + was removed from the normal Tyrode's solution, a' N a rapidly fell to 1.5 -2 mM. This is similar to the extrapolated value obtained by Ellis (1977) with glass Na + -selective microelectrodes. There was no further change in aw a during the following solution changes. The approximately 1.5 mM of aL after exposure to Na + -free solutions for 2-3 hours could be because either the Na + was not completely washed out of the cell or because the electrode signal was in error. It seems much more likely that this was an artifact of the electrodes. The Na + -selective microelectrode has poor sensitivity at low Na + activities, when calibrated in pure NaCl solutions, deviating from the Nernstian response below 3 mM. This would result in an overestimation of aka by about 1.5 mM when aka is very low. Therefore, it is likely that the aka was nearly zero in the absence of a?j a • VOL. 47, No. 5, NOVEMBER 1980 or -90 mV. They concluded that Cai z+ is responsible for some steady inward current, and this may also have been present in our experiments.
The role of accumulation and depletion of various ions in the cleft and leakage of current around the microelectrodes could not be quantitatively assessed in these studies. Electrogenic Na + pumping was presumably zero, because there was no Na + in the external solution and aka was near zero. The contribution of accumulation to a modification of the K + electrode behavior of the membrane must be small under these conditions, since the difference between V m and VK was only 4.9 mV in 1 mM [K + ] o . If we assume that this difference was completely due to K + accumulation in the clefts, it would represent only about 0.2 mM under these conditions.
